Implementation of reverse electrodialysis (RED) is economically limited by the relatively high ion-exchange membranes price. Additionally, the shadow effect of non-conductive spacers reduces the membrane area available for counter-ion transport and increases the stack electric resistance. A promising alternative could be utilization of profiled membranes, since the reliefs formed on their surface keeps the membranes separated and provides channels for solutions flow. Herein, we have simulated, through computational fluid dynamics (CFD) tools, fluid behavior in channels formed by various profiled membranes. The highest net power density values were obtained for corrugations shape and arrangement in a form of chevrons due to the increase of the available membrane area and an excellent balance between enhancement of mass transfer and the increase of the pressure drop in the channel. When properly designed, corrugated membranes may offer a better performance even compared to the case of conductive spacers. The proposed membrane corrugation design in not limited to the RED application, and could be also extended to other electromembrane processes, such as electrodialysis and Donnan dialysis, in which high ionic mass transport rates are desirable at as low as possible energy costs.
Introduction
A potentially sustainable source of energy is the chemical energy associated with solvation of salts known as salinity gradient energy or blue energy. Mixing of two streams with different salt concentrations is spontaneous and releases energy (Gibbs free energy). Power generation from salinity gradients can be achieved by controlled mixing of concentrated and dilute electrolyte solutions in a reverse electrodialysis (RED) operation mode [1] [2] [3] [4] .
A RED stack consists of a number of alternating cation-and anion-exchange membranes stacked between two electrodes ( Figure 1 ). The mechanical support to create the flow channel compartments and maintain a constant distance between the membranes is usually assured by non-conductive spacers. The compartments are alternately fed with concentrated (e.g., sea water) and dilute (e.g., river water) saline solutions. In such a way, an electric potential difference is established between the electrodes and the cations and the anions migrate in opposite directions, toward the cathode and anode, respectively. This spontaneous ionic current is transformed into electron current at the electrode surfaces. In the electrode compartments, a solution containing, preferably, a homogeneous redox couple is recirculated. The DBL thickness in RED stack can be calculated from experimental data (obtained through limiting current density and/or chronopotentiometric techniques) or by using available dimensionless mass-transfer correlations based on the film theory [10] . Utilization of masstransfer correlations (sometimes even such obtained for convective-diffusive systems without any charge transfer) has been the common practice during the last decades for dimensioning electrodialysis stacks [30] [31] [32] [33] [34] . However, as these correlations are specific for a given channel geometry, for new geometries new correlations must be developed.
In case of laminar flow, which is common for RED channels, computational fluid dynamics (CFD) can estimate mass-transfer coefficients, as well as pressure drop, in a very accurate and reliable way [35] . Firstly, the flow patterns and concentration distribution inside the channels are obtained by solving the mass continuity and Navier-Stokes equations [35] [36] [37] [38] [39] . Then, the mass transfer coefficients are computed at the relevant interfaces, where interfacial mass transfer occurs [35] [36] .
In the present study, parameters such as available membrane area, pressure drop, and mass transfer coefficient, as well as flow entrance effects on mass transfer were considered. The effect of corrugations shape, height and spatial distribution was analyzed on the basis of the obtainable net power, which had been normalized by the flat membrane area before corrugated.
More than twenty different corrugation shapes and arrangements were initially screened and compared by performing 2D simulations, for being faster and less demanding in terms of computational effort. Then, 3D simulations of more complex corrugations forms were performed.
The highest net power density gain (by around 76 %) relatively to channels with non-conductive spacers was estimated for a corrugation in the form of chevrons, which use has not yet been reported for any membrane-based application.
Modeling

Strategy
Certainly, the most accurate approach to obtain mass transfer coefficient values in the DBLs would be to solve simultaneously the Navier-Stokes-Nernst-Planck-Poisson equations, which would yield the concentration and electric potential fields. However, due to the relatively small contribution of the DBL resistances to the total electric resistance, applying such a complex approach appears unreasonable.
Therefore, at the membrane surface, the solute continuity equation was solved with a boundary condition of a constant solute concentration. With this approach, it was possible to decouple reasonably well the mass transfer coefficient from the variation of the solute flux along the channel. Another possibility would have been to perform simulations assuming a constant The CFD simulations were performed using periodic inlet/outlet boundary conditions until the concentration distribution in the channel becomes quasi-periodic. In practice, this means that the channel has been divided into small sections with the same repetitive geometry, where the outlet boundary conditions of one section correspond to the inlet boundary conditions of the next section. In such a way, instead of simulating simultaneously the whole channel, the fluid behavior and concentration profiles are estimated section by section. The evolution of concentration distribution along the channel length can be followed since x = u•t, where u is the linear flow velocity, x is the section distance from the channel entrance and t is the residence time required for a fluid element to reach that section. This approach significantly (by at least one order of magnitude) reduces the required computational time, and allows for simulating simultaneously different channel lengths, as was previously proven with a high confidence [35, 42] . The equivalent thickness of the channel formed by profiled membranes was calculated using the channel' porosity (ε):
where hnominal is the channel thickness without corrugations. The channel porosity was estimated taking into account the volume occupied by corrugations (Vcorrugations) compared to the volume of the channel without corrugations (Vempty):
Since in a river-sea system the main electric resistance of a RED stack is mainly offered by the dilute stream (river water) compartment [5, 10, [43] [44] [45] [46] , the net power density is strongly influenced by the membrane area offered by a given corrugation geometry. Therefore, for each simulation of a channel formed by profiled membranes, we simulated as well an empty (composed by flat membranes) channel with a height equal to the equivalent channel thickness for the profiled membrane case.
Then, we defined a θ parameter ratio between the maximal net power densities values obtained at the same linear flow velocity for a channel with corrugations (Pnet(profiled)) and for an empty channel with the same equivalent height (Pnet(empty)):
Due to the same channel equivalent thickness in a stack with profiled and with flat membranes, and, thus, the same ohmic resistance for both stacks, the difference in net power density can be attributed to the effect of corrugations geometry on mass transfer and pressure drop. A ratio values above 1 means that the corrugations have led to an increase in mass transfer coefficient, which is higher in comparison of the increase in pressure drop. A ratio value below 1 means that the pressure drop increase is higher than the increase (if existing), in mass transfer coefficient.
Model
The main objective of the performed CFD simulations was to predict the mass transfer coefficient values. In order to decouple the prevision of diffusion boundary layer thickness from the charge transfer phenomena, the approach followed was based on a formalism assuming mass transfer in a binary salt (NaCl) aqueous solution system with permeable walls and without charge transfer [33] .
In the performed CFD simulations, the considered governing equations for incompressible flow of a Newtonian fluid were the mass continuity and Navier-Stokes equations as follows [35] [36] [37] [38] [39] :
with U being the fluid velocity vector, ρ the fluid density, μ the dynamic viscosity and p the pressure. To restrict the computational domain to a single periodic segment of the channel, the pressure was decomposed as: (6) , where p* is the periodic component of the pressure, β is the average pressure gradient in the channel and x is the local x-coordinate.
After obtaining the velocity and pressure fields at steady state, the solute mass concentration in the computed domain was calculated by solving the solute continuity equation:
where D is solute mass diffusivity and S is given by (8) .
This field represents a mass source, which is used to replace the mass transferred out of the periodic channel segment through a specified membrane area (Am). Since each channel segment is divided in small control volumes and S depends on the position (x, y, z) inside the channel segment, in our approach, the solute is preferentially re-injected into regions with higher velocity and solute concentration, while the concentration close to membrane surface is almost not affected by such a numerical approach. In such a way, it is possible to solve the continuity equation for an element of fluid that enters in the channel and moves with the fluid average velocity.
The local mass transfer coefficient at each membrane point can be computed as follows:
where, Cb and Cm are respectively solute concentration in the bulk and at membrane (m) surface. The DBL thickness was estimated according to the film model from the mass transfer coefficient (kc) value [35] [36] : (10) .
In order to obtain an average DBL thickness (Figure 2b ), the average value of the mass transfer coefficient in the simulated domain was calculated by integration of the local mass transfer coefficient values over the total area of the walls of the channel segment area (A ): (11) .
Knowing mass transfer coefficient values allows calculating the RED performance parameters using a relatively simple macroscopically based methodology. With some small differences, due to the different contexts of their applications, this approach has been followed in a number of studies [47] [48] [49] [50] [51] . Figure 1 shows a length fraction of a single RED cell with dilute and concentrated compartments formed by anion-exchange (AEM) and cation exchange (CEM) membranes. For ideally permselective membranes, only the respective counter-ions are transported from a concentrated to a dilute stream through the membranes (transport number in the membrane = 1). In such a way, the mass flux in the system is only of Coulombic nature [47] [48] 52] . For model solutions of NaCl, the solute concentration in the bulk (Cb) along a channel can be obtained in the following way:
where F is Faraday constant, u is linear flow velocity, i is the current density per a nominal (flat) membrane area, and h is channel thickness.
Since in RED the current density is much smaller than the limiting current density, the concentration profile in the DBL is linear and, therefore, the solute concentration on the membrane surface in the concentrated compartment (Cm(c)) can be obtained as follows [49, [53] [54] [55] :
where D is solute mass diffusivity, δDBL is diffusion boundary layer thickness and T and t are, respectively, the counter-ion transport number in the membrane and in the solution. Since the current has been previously normalized by the flat membrane area (Aflat), but at the membrane interface the current density (i*) is smaller due to a larger available membrane area created by corrugations (Aprofiled), i*(x) has been accounted as follows ( Figure 2): (14), By simplifying that the membrane permselectivity is ideal and the transport numbers of the ions in solution are equal, the concentration polarization close to both, AEM and CEM, surfaces, is simulated as symmetrical [28, 56] . Therefore, if the hydrodynamic conditions in the dilute and concentrated solutions channels are identical, and the solute mass diffusivity is considered equal in both compartments (for NaCl solutions within the range of 1-30 g/L the differences in mass diffusivity are less than 4 % [10] ), the solute concentration on the membrane surface contacting the dilute solution can be calculated as follows : 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 OCV is the RED driving force, R is the universal gas constant, T is the temperature, γ is the activity coefficient and N is the number of cell pairs.
The other important parameter is the RED stack internal resistance (Ri), which can be considered as a sum of ohmic and diffusion boundary layer resistances [7, 12-13, 27, 43, 47] .
Due to variation of the solute concentration along the channel, the internal electric resistance correspondingly depends on the position along the channel. The ohmic resistance is composed by the sum of the resistances of cation-exchange (RCEM), anion-exchange (RAEM) membranes, bulk solutions (hb / b) and electrodes (Rel):
where κ is the solution conductivity, f is the fraction of membrane area covered by nonconductive spacers, ε is the spacers porosity (if present) and hb corresponds to equivalent intermembrane distance not occupied by DBLs (Figure 2c ). The electrodes resistance can be ignored if a big number of cell pairs is considered [48] .
The resistance due to the DBL (RDBL) can be accounted for as follows [10] : (18) .
Since the solute concentration profile across the DBL is linear [49, [53] [54] [55] , as the DBL solution conductivity we have considered an average value of the solutions conductivity in the bulk and on the membrane surface.
The gross power density (Pgross), when an external load resistance (Re) is applied, can be obtained as follows:
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The maximum value of gross power density, at 50 % efficiency of energy extraction, is achieved when the external load resistance has the same value as the internal stack resistance [5, 8, 44, [57] [58] [59] [60] . For such a case: (21) .
In practical terms, this means that a stack with infinitely segmented electrodes is considered [44] . In order to obtain the value for a whole stack, it is necessary to integrate the local values along the channels length (L):
Thus, it becomes possible to calculate the net power density (Pnet) of a RED stack, which consists in a trade-off between the generated (gross) power and the power consumed for pumping the solutions (Ppumping):
The power spent for pumping depends on the feed solution flow rate (Q) and the total pressure drop (Δpt) between the stack inlet and outlet [61] : (24) .
The factor 2 appears because there are two saline solutions which are pumped, the dilute and the concentrated one. Based on previous studies [7, 12, 38, 61] we have considered for all simulated domains that the total pressure drop (Δpt) in a RED stack is: (25) .
where the second term accounts for the partial pressure drop in manifolds. The second term in eq. 25 remains constant in all simulations, as the pressure drop in the manifolds does not depend on the working channels shape [61] . The important influence of manifolds on RED stack performance has been recognized [38, 61] ; however, optimization of the manifolds system distribution is beyond the scope of the present study. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 Methodology
CFD Numerical methods
The open-source OpenFOAM software package, version 2.3.0 [62] , was used to simulate the flow patterns and mass transfer in a RED channel formed by two profiled membranes.
Equations 4-5 and 7 were solved by the transient pressure-implicit PIMPLE (merged PISO-SIMPLE) algorithm with 3 outer correctors for inter-equation coupling in the pressure-velocity system until the value of average velocity in the channel reached the specified goal while the value of β (eq. 6) was adjusted [62] . Time discretization was achieved by a second order backward Euler scheme and a 4 th order Gauss scheme was used for spatial discretization of the solute continuity equation. The time step was lower than 1 ms in order to guarantee temporal accuracy and numerical stability. The simulations were processed on a four-node cluster (1.9
GHz CPU, 512 MB RAM/CPU) and the computational time varied from few hours up to a couple of days, depending on the simulated domain complexity. A preliminary mesh independence study was used to select the appropriate mesh for each case.
To draw all structures investigated by CFD, SolidWorks 2012 software was used to create stl files with the membrane design. The computational grid was generated from them by blockMesh and snappyHexMesh OpenFOAM grid generation utilities. The created grid had a block-structure, in which a single block had an average volume of 4.0•10 -6 mm 3 . Near the channel walls the grid was refined to resolve accurately the concentration boundary layers.
Channels shape
The net power density has been calculated for NaCl solutions of 1 and 30 g/L as inlet saline streams, for an average linear flow velocity inside the channel of 0.5, 1.0, 1.5 and 2.0 cm/s, respectively. The physical parameters used in the simulations are summarized in Table 1 . [25] .
The initial simulations were done in two-dimensional space (2D), since it has been reported that the greatest mass transport improvement is reached for a flow directed at an angle of 90º to the corrugated membranes [18, 64] , and that in channels with spacers, the flow structure is mainly determined by the spacer transverse filaments [35] . Given the simplicity of performing such simulations, twenty two different designs were initially compared (see, Supplementary material).
Since in such an arrangement the membranes reliefs must not touch each other, as this would obstruct the flow in the channel, a supporting frame is required to maintain the intermembrane distance. Knowing that for existing profiled membranes the open area is of 83 % [7] , we made an educated guess that this frame should cover 20 % of the membrane area.
The initial dimensions of the 2D simulated corrugations have been based on those of already existing profiled membranes, with corrugation width (wc), height (hc) and distance between corrugations (dc) of 0.2 mm, 0.1 mm and 1 mm, respectively [7, 12, 25] . The channel thickness was chosen to be 0.5 mm. After identifying the most promising geometries, by comparing the net power densities ratio (θ), the corrugation height and the distance between two consecutive corrugations were optimized in terms of estimated net power density.
Based on the conclusions drawn from the 2D simulations results, 3D simulations were performed for two cases. The first one is known as "pillars" and has already been applied for power generation by RED [25, 28] , while the second one has been inspired by staggered herringbone groves of fluidic mixing micro-devices [65] [66] . For pillars, the dimensions are of the profiled membranes which were already fabricated [25] , while for chevrons the dimensions were chosen in order to assure that the equivalent height of both structures is similar (0.411 and 0.417 mm for channels formed by pillars and chevrons, respectively). exponent is commonly set as 0.33 [30, 32, 41, 55] and was assumed as such herein. The Sherwood (Sh), Reynolds (Re) and Schmidt (Sc) numbers were calculated as follows:
.
In order to compare the performance of the corrugations with non-conductive and conductive spacers, we calculated the net power density for such stacks, maintaining the same intermembrane distance and parameters values summarized in Table 1 . The shadow effect of non-conductive spacers was assumed to be 50 % and both spacers porosities equal to 0.775 [61] . The mass transfer coefficient for channels with spacers was calculated by a previously 4 Results and discussion
2D CFD simulations
As mentioned in Section 3.2, the available membrane area strongly affects the obtainable net power density. Therefore preliminary studies (see Supplementary material) were performed to find which corrugation geometries improve more significantly the obtainable net power density through their effects on mass transfer and on pressure drop.
A direct comparison of net power densities obtained with the studied corrugations shows that the highest net power density values were obtained for corrugations providing higher membrane surface area, even though pressure drop also increased in such cases. However, the highest difference in net power density among the cases studied did not exceed 7 %, since the differences in available membrane area are actually small. The net power density shows to be sensitive to mass transfer coefficient and pressure drop values obtained by CFD, as for different corrugations, but with the same surface area, i.e., for the same equivalent channel height, the calculated net power density values were different between the cases, which opens space for corrugation shape optimization.
Since the distance between two consecutive corrugations and their height can be varied and, therefore, the membrane area could be increased for any of the studied corrugations, what is important to know is which geometry has the highest potential to increase the net power density due to its effect on mass transfer coefficient and on pressure drop. Therefore, we calculated the net power density ratios as defined by equation 3. The corrugation shapes more suitable for optimization are those with a higher ratio, since, in such cases, a corrugation increases more significantly the obtainable net power density only due to its shape. In this study, corrugations "A" and "C" presented the highest net power density ratios for mirror and diagonal arrangements, at linear flow velocities of 0.5 and 2.0 cm/s, respectively, and, therefore were the most promising structures to be investigated (see Supplementary material).
However, it was found, for both arrangements, that the only meaningful advantage of using transversal corrugation was a reduction of the spacer shadow effect comparatively to the design with non-conductive spacers. The optimal geometry based on θ (if the influence of the available membrane area on the ohmic resistance is ignored) tends to approximate to that of a flat (non -3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 [25] . However, such corrugations can lead to creation of stagnant zones upstream to the structures. In these stagnant regions, particle deposition and biofilm formation may occur [28, 68] . 3D simulations performed by us for a pillar geometry (not shown) confirmed the existence of such stagnant regions upstream to the corrugation. Therefore, inspired by microfluidic mixture devices [65] [66] , in which the flow is laminar, a herringbone type of corrugations was investigated. Since the herringbones grove depth strongly influences the mixing efficiency, while the flow attack angle does not [65] [66] , when groves exist on the two faces forming a channel, chaotic flows are induced and the mixing channel length is reduced [69] . Arrangement of symmetric herringbones on both faces of a channel is known as "chevrons" in the microfluidic devices related literature [70] . Herein, this type of corrugation was simulated for the first time in the context of a RED application. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 As it can be seen ( Figure 5 ), for the same pressure drop, the mass transfer coefficient is higher for chevron corrugations, what could indicate that utilization of chevrons leads to a better fluid dynamics in the so formed channels. However, as a higher pressure drop was found at the same linear flow velocity for the chevron structures, the enhancement of mass transfer comes at an increased energy demand penalty, which may outweigh its benefits in terms of the power gained. Therefore a more detailed study on the obtainable net power densities is required.
Net power density
Figures 6a and 6b present the overall net power densities values for pillar and chevron structures, respectively, for channels with different lengths. In stacks with very short channels, and therefore small membrane area, the net power density departs from negative values. That In terms of the obtainable net power density, the maximal values were higher for the chevron design up to a linear flow velocity of 1.5 cm/s. This means that chevron-like corrugations perform better than pillar corrugations under the conditions more indicated for power generation, i.e. a stack with short channels, since their utilization will generate more net power. With the proposed chevron-like design, at a linear velocity range of 0.5 -1.5 cm/s, the pressure drop is ~1.6 -1.7 times higher comparatively to utilization of spacers, but also a higher increase in mass transfer coefficient (~2.3 -1.9 x) is obtained. This may indicate that the energy spent for reducing the diffusion boundary layer thickness is applied where it is precisely needed (in the vicinity of the membrane surfaces), opposite to the case of spacers, which mainly promote bulk solution mixing. In such a way, chevron structures allow for a more significant increase in the mass transfer coefficient.
In section 2.1, the parameter θ was defined for comparing the performance of different corrugations in terms of obtainable net power density through dividing the net power density for a stack with corrugations/spacers by the net power density obtainable in a hypothetical stack with empty channels. The equivalent thickness of both channels was considered to be the same, what allows for excluding the influence of the ohmic resistance on the obtainable net power density and for comparing the effects of pressure drop and mass transfer coefficient. Figure 7 shows the value of this ratio for the simulated corrugations and spacers using maximal obtainable net power density values at each linear flow velocity. Since the membrane price is currently the limiting factor for RED implementation, we believe that it is preferential to compare the stacks between them under correspondingly optimized conditions, at which the membrane area is most effectively used. Such a choice means that the channel length, at which the maximal net power density is obtained, is not the same at different channels configurations, as can be seen in Figure 6 . 3).
As seen in Figure 7 , the ratios are always higher than 1, except for a stack with non-conductive spacers. Moreover, the ratio for channels with corrugated membranes is higher than for a stack with conductive spacers. Also, since the values are higher than 1, this means that the shape of the corrugation had also improved the fluid dynamics, besides increasing the available membrane area, which it is an advantage relatively to corrugations which are perpendicular to the fluid flow.
The chevron corrugations proposed show that the highest improvement of stack performance and their highest efficiency is for linear velocities between 0.5 cm/s and 1.5 cm/s. For higher linear velocities, the use of chevron structures becomes less efficient. Curiously, since the chevron design is somehow similar to the design of a diamond-shape spacer, but with an It is also important to consider some practical issues when the choice of the corrugations and channels dimensions is done. As the final objective of RED is to take advantage of expected realizable global salinity gradient potential, due to rivers discharge, which is estimated to be close to 1 TW [4, 71] , large membrane areas must be used. Despite the fact that shorter channels allow for achievement of higher net power density values, from a practical point of view, utilization of longer channels and, therefore, higher linear flow velocities, could be more advisable. Under such conditions, for example for 30 cm long channels the optimum linear flow velocity for chevron configuration is around 1.0 cm/s, while for pillars is around 1.5 cm/s (Graphical abstract). Therefore, we anticipate that the developed chevron corrugations could improve the RED process economy by reducing the feed flowrate of the two solutions of different salinity.
Outlook
The results of this study support the idea that the use of non-conductive spacers, which increase the ohmic resistance and can create regions prone to fouling in their knits [26, 72] , Nevertheless, for chevron-like structures and the same parameters as in Table 1 , but assuming a hypothetic profiled membrane area resistance of 1 Ωcm 2 , the net power density values can be close to 1.15 W/m 2 . If a free or cheap heat source could be found to increase the solutions temperature from 20ºC to 40ºC, the value of the net power density can additionally raise up to 1.3 W/m 2 . Therefore, development of membranes with a low area electric resistance, but still thick enough to allow creating corrugations on their surfaces, is of an obvious interest. Even a higher increase in net power density could be achieved if, at the same time, the thickness of the channels can be also reduced. Based on the developed mass-transfer correlation, the obtainable net power density could be as high as 3.7 (at 20ºC) and 4.2 (at 40ºC) W/m 2 with chevron structures and the channel equivalent thickness of 0.1 mm. However, utilization of such thin channels will most probably require extensive water pretreatment in order to remove possible foulants (sands, clays, humic compounds, etc.) from the water streams [26, [72] [73] .
cannot be too short in order to avoid a situation, at which the power spent for solutions pumping and required to overcome the partial pressure drops in the stack manifolds and branches (which are independent from the channel length) exceeds the generated power [61] . As the pressure drop in the manifolds becomes dominant when the channels are shorter, the feedwater distribution system becomes very important and should be optimized.
For designing new and improved feedwater distribution systems, CFD tools can be used, as the main objective passes through minimization of the pressure drop, which can be accounted for by the mass continuity and Navier-Stokes equations. An alternative to modification of the feedwater distribution system geometry could pass through changing the stack design from a plate-and-frame type to a tubular or a radial membrane arrangement. There are a number of designs explored in the field of heat exchangers and microfluidic devices, which may serve as sources of inspiration [75] .
Conclusions
In the present work, we have simulated the net power density of RED stacks with different channel arrangement. Profiled membranes with corrugations perpendicular to flow as well as chevron and pillar structures were investigated in detail. The results were compared with the performance of RED stacks with conductive and non-conductive spacers.
Utilization of profiled membranes and conductive spacers present the already known advantage of eliminating the shadow effect when non-conductive spacers are used. In terms of fluid dynamic effects on net power density, perpendicular corrugations do not enhance the stack performance, but still lead to a net power density increase due to the increase of the available membrane area for counter-ion transport.
The chevron and pillar structures lead to higher performances, in terms of the fluid dynamics and net power density, than conductive spacers, which may be an indication that development and utilization of profiled membranes is advantageous. Also, in such a way, lower quantity of expensive and conductive material is used, since the membranes self-maintain the channel compartment thickness.
Simulations of chevron structures show the highest net power density values and the best compromise between mass transfer coefficient and pressure drop increase. Moreover, it is expected that due to the very specific fluid pathway, the channels with chevron corrugation will be less prone to fouling. Also, in order to grant a maximal net power density for a given stack length, the linear flow velocity is lower when chevron corrugations are applied, which, for industrial size equipment, may represent economic advantages since smaller volumes of water must be pretreated.
The simulated chevron structures still need to be experimentally validated, as well as their geometry parameters should be optimized for RED application. Moreover, since we found that chevron structures do not only generate more power when used in RED stacks, but also represent the best compromise between mass transfer and pressure drop, they also should also be rather promising for other electromembrane processes. The final goal of the performed simulation was to obtain the net power density values. In order to obtain these values, it was necessary to simulate the solute concentration profiles along the channel, and then to calculate the local electric potential difference and resistances values.
Herein, the case for channels with chevron structures for a linear flow velocity of 0.5 cm/s is presented. The respective curve for net power density can be seen in Figure 6b . As can be seen, in the dilute saline stream compartment the concentration increases along the channel length, while in the concentrated saline stream compartment the opposite trend is observed. This is due to the transport of ions from the concentrated to the dilute solution compartment during the RED process. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
